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The experioental studies presented here were undertaken in an 
effort to dotarmine the stress distribution in two circular cylinders 
intersecting at right angles and under internal pressure. The invest- 
igation was limited to tests of two specimens in the thick-walled 
cylinder range. 

The experLijental analysis led to the following conclusions » 

1. The highest stress concentrations ere located at an angle 

of about 14»5 degrees from the crotch centerline, measured in the plane 
of the intersection. 

2. The critical stress causing rupture is the tangential stress 
in the piano of the ellipse. 

j. For the il/t ratios tested* the strength reduction as compared 
with a straight closed cylinder is aoproximately 

4 . It appears probable that tjending effects for these thick- 
well d cylinders ore of relatively iiinor importance. 



V 



iii 



TABL3 OF CONTSr^TS 



Part Title 

Introduction 

I Squipnont and i^ocoduro 

II Rosults and Diecuooion 

III CJoncluslons 

IV Reconraendationo 

V References and Bibllo^’raphy 

VI Formulas and Semple Calculations 

Tables 
Figures 



Page 

1 

3 

7 

14 

15 

16 
17 

A-l 

a-1 



Iv 

LIST OF TABL3S 



Tables I through IX Variation of Tangential and 

Ajcial Strains with Variation 
of Internal Pressure, Teat 
Ho. I. 

Tables X through XYIII Variation of Tangential and 

Axial Strains with Variation 
of Internal Pressure. Tost 
Ho. II 

Table XIX Relation of Load to p.| 



Page 

A-1 

A^IO 

A-19 



I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 



V 



U3T OF FIGURES 

First Spscimsn and “Test Setup. 

Cloaeup 7iew of First Specimen Showing Rupture. 
Second Specimen and Test Setup. 

Closoup View of Second Specimen I2iawing Rupture. 
Detail Design of Specimen. 

Assembly Drawing of Specimen. 

Positions of Gages on Specimens. 

Gage Orientation on First Speoixoen. 

Gage Orientation on Second Specimen. 

Load va. Tangential Strain. Test No. I 

Load vs. Axial Strain. Test No. I 

Load vs. Tangential Strain. Test No. II 

Load vs. Axial Strain. Tost No. II 

Load vs. Tangential Strain. Position No. 1 
« « II N II II 2 

* • N * H » 2 

*• I* II « 9 II 

9 9 9 0 9 9 

9 9 9 9 9 9 5 



9 7 

" 8 



Page 

B»1 

B-2 

B-3 

B-4 

B-5 

B-7 

B-8 

B-9 

B-10 

B-11 

B-12 

B-13 

B*14 

B-15 

B-16 

B-17 

B-18 

B-19 

B-20 

3-21 

B-22 



23 

24 

25 

26 

27 

23 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 



Ti 



Pago 



Load V 8 . Axial 


strain. Position 


No. 


* 1 . 


B -23 


ft 


f1 




♦f 


A 


2 . 


B -24 


«f H 


♦1 


It 


ft 


A 


3. 


B-25 


ff If 




If 


ff 




4. 


J -26 


if 71 


ff 


f» 


A 


A 


5. 


3-27 


ff If 


P» 


ft 


ft 


A 


6 . 


3-23 


« ft 


II 


if 


A 


A 


7. 


i3-29 






if 


n 


A 


3. 


3-30 


ff If 


ft 


n 


H 


A 


9. 


3-31 


Principal 3troln vs. 


/ocial Position* 


Toot I 


B-32 


Tan,! 5 antinl 


fi 




(« tf 




A 


3-33 


.ixial 


ff 


<1 


H ff 




A 


3-34 


i^inoipal 


H 




A A 




{! 


3-35 


Tanoantial 


H 


II 


A A 




A 


3-36 


Axial 




ft 


A H 




A 


3-37 


Principal 


H 


It 


Foaltion on 


Intersection* Teat I 


3-38 


Tangential 


If 


<1 


A A 




A A 


B-39 


Axial 


« 


ff 


i A 




A A 


B -40 


Principal 


H 


M 


Axial Position* 


Teot II 


3-41 


Tangential 


ff 


ff 


A A 




A 


3-42 


Social 


tl 


It 


A A 




A 


B-43 


Principal 




Tl 


A A 




A 


B -44 


Tangential 


It 


ft 


H A 




A 


B-45 



vii 



?ig* 


46 


Axial Strain 


vs. Axial Position, Test II 


b*46 


Fig. 


47 


Principal ” 


" Position on 


Intorsoction, Teat II 


B-47 




43 


Tancontial** 


tl * « fl 


i> «* 


3“48 


nr. 


49 


Axial ** 


. H t fl 


<♦ ii 


2^-49 


?ig. 


30 


SIcetchos of 


Bre flics in T/eldSt 


Tosts I find II 


3-50 



SCPLANATIOu; OP :r//u30LS 
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ZHTRODUOnON 

This invdstigation was prooqptod by certain problona which hare 
arisen in syatens employing high pressure piping. The oemstruotion 
of ducting for high speed wind tunnels involves cylindrical intersec- 
tions of large diffioeter end similar problems • though on a smaller scale i 
may be found in various Industrial applications. For piping which is 
highly stressed tangentially it has been the practice to fumlah heavy 
ribs or other devices to take the bending stresses of the elliptical 
intersection. This procedure ignores bending stiffness of the pipe 
itself and some doubt has arisen as to the actual necessity for such 
zlbs. Further, in some oases there was evidence that the reinforcing 
might in reality be harmful to the strength of the joint. 

The tests presented here are stops toward a complete investiga- 
tion of the problem. Soma tests of this nature were mode preliminary 
to the design and construction at the 20-inoh supersonic wind tunnel 
of the Jot Propulsion Laboratory (CIT) (Ref. 1). The specimens tested 

in that project were of various shapes, materials, and Hodi us/thick- 

« 

ness ratios. For the present approach to the problaa it was decided 
to reduce the number of variable parameters to just one— the wall 
thickness. The steel to be used, the internal diazaetor, and other 
spooifioations were held constant. For this series it was originally 
planned to make tests on 90-degree elbows of at least four wall thick- 
nesses, but difficulties in the manufacture of suitable apeoiroens wnd 
time limitations forced a reduction in scope to only two speolraena. 
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A aearoh v&a made both in applicable toxtboohe and in the many 
engineering publications for previous work, either theoretical or 
experimentalt on this subject. Oonsiderable information was found 
on pipe bends, pipe elbows, and the like, but nothing on stresses 
to be found at or near a welded cylindrical intersection* This prob- 
lem is of e type possessing mixed boundary conditions end os such is 
very difficult to solve from a purely theoretical approach. 

The tests whose results are prooonted herein wore conducted in 
the Structures Laboratory of the Ouggenhoim Graduote School of Zero- 
neutlcs, California Institute of Tochnolocar. 
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S^UIH/ISOT AND PROOSDURS ' 

The teat apeciciens wore made of oight-inch Nationol Extra strong 
ireldod ctael pipe, Spec. 53*‘47* This steel ho« a yield point of 

30,000 psi. and ultimate strength of 49tOOO psi. The pipe was first 
machined inside end out to remove any eocentxdoi^ and to obtain a 
uniform wall thickness. Inside diameter was hold constant for both 
specimens and was inches. The wall thickness of the first spec- 

imen was 0.4 inch and the second was 0.3 inch. 

After machining, the pipe was cut end welded so as to form a 30- 
degree elbow as shown in Pig. 6. Coro was token in machining off ox- 
cees weld metal in the joint in order to hare smooth fillets of snail 
radius so that the finished produot would appraxixaate as closely as 
possible a cylindrical intersection machined frcan a single billet. 
Standard ei^t-inoh pipe caps were welded on the ends and threaded 
studs welded in those caps. The studs were drilled and topped to pro- 
vide pressure connections end were threaded to receive lugs intended 
for us© in applidnc either tension or ootapresoion across the ends by 
means of a turnbuckle. The turnbuokle was not used, howovor. Complete 
details of manufacture and assembly are shown in Pigs. 5 ®3id 6. 

Pressure was applied by means of a Blaokhewk hand-operated hydraulic 
pump. Pressure was measured by a standard high pressure gage. The var- 
iable resistance wire strain gages used were Ealdwln-Southwark A-8 
rectangular gagas and AR-7 rectangular rosettes. The location and 
orientation of these gages is shown in Figs. 7» 9* Qsd 3* Other eg^uip- 
laent included a potentiometer and Wheatstone Bridge circuit, a switch 
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panel, 6-vx>lt bnttery, and the necessary wiring and plymbing, 
specimen was placed on wooden block supports spaced approximately 6 
and l6 inches, from each end# 

The same procedure was followed in both tests. Within the elastic 
limit the following procedure was observed i 

(1) Zero readings were taken on all gages# 

(2) Load was applied and load readings token. 

(3) Load was removed and e second zero reading taken. 

(4) Increased load was applied, readings taken, followed again 
by zero readings, etc# 

/»fter the clastic limit had been exceeded, zero readings were 
taken only after the load rosdinco# The reason for this can be seen 
by considering the curve below# 



C7" 




Assume that under the applied load, the metal at some given posi- 
tion reaches point '’a” on the stress-strain dlagTEen. This is below 
the elastic lirnit and when tlio load is removed both the stress and the 



strain (6^) return to zero* Now if a sufficiently high load to cause 
yielding is applied, soins point on the curve will be reached. When 
the load is nofw removed, the line bo* will be followed ending at zero 
stress but with a permanent sot o-o*. This permanent set can be com- 
puted by oori^jaring strain gage readings at o and at o*. Ihe strain 
at point “b” cannot now bo referred dirod tly to the zero strain at o 
but i3U3t be referred to the now ••zero* at o*. Doing this gives the 
vali:^ of 2i^and adding this strain increment to the permanent set o-o* 
gives the total strain £ at point *b*. 

Theoretically the line bo* of the preceding diagram is parallel to 
oe* In order to check on the reliability of strain gage readings beyond 
the specimen elastic limit, this perallelism was utilized by takiiig 
readings at points d and e on the way up to point o. 




the next higher load reading above b* Since stress was not measured 
directly, a stress versus strain curve could not be plotted* Points 
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d and e were plotted on the load versus strain curves where the same 
reasoning as above applies* Therefore it was easunod that if points 
o', d, e, and b on the load-strain curves plotted a straight line 
parallel to oa, the strain gages wore giving useful readings* 

Punch marks were made in the stud in each end cap and a tranrasl 
bar and points used to measure the distance between the punch marks 
both in the unloaded condition and for each loading applied* 

At the higher loadings where considerable yielding ooourred 
it was necessary to maintain pressure constant for some time until 
a condition of equilibrium was reached and readings held substen- 



tielly constant 
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RSSULT3 laiD rJI3GtK33I0N 

The zreoalts of the tiro series of tests have been plotted on 
oiuTves of loading versus tangential strain end axial strain for the 
several strain gage locations. The social and tangential components 
were plotted since these wore the strain comi>onent8 actually loeasured 
axui also to facilitate comparison with the curves applying to a 
straight tube and the curves derived from previous tests on specimens 
having larger B/t ratios than those used in the present Investigation* 
To& principal strains and the principal axis orientation were conqputed 
within the elastic limit and ore Included In the tables. The maxinnaa 
pressure held by the fiirst speoiraon (0.4* wall) was 3350* poi* 
maximum pressure held by the second specimen was 2950* psi. 

The results of the two testa os shown in Tables I - XVIII and 
?lgs. 22 and 27 show that the axial strains at position n(5 ore only 
very ali^tly smaller than the tangential strains at position ^ for 
all loadings under the elastic limit. Above the elastic llmitt how- 
ever * the tangential strains in the crotch increase much more rapidly 
than do those at aziy other point measured. For the locations invest- 
igated these tests then* the critical strains occur in the crotch 
end are the tangential strains. 

The type end location of niptures obtained in the two tests were 
almost exactly Identical as can be seen in Figs. 2* 4 * 50* In 

each case the failure was a crack perpendicular to the line of the 
weld at a distance of l|* lip from the crotch centerline. In both 
cases aiuiiblo cracks and snaps wore heard at irrogular Intervals as 
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the internal presauz^ was increased* In the first test those noises 
started at a pressure of about 2600 psi and were eocanpanied by the 
appearance of fine* hair-line cracks in the ueld and perpendicular 
to the lino of the weld as shown in ?ic* 50 * In the second test no 
such oraoks appoarod, but roughened stress lines approximately para- 
llel to the wold appeared in the parent motal near tlio weld* 

. In spocimon fj2t cracics between the parent rastal and the wold 
metal started widening perceptibly at loads below the elastic limit. 

As in spocimon ;/l* however* when rupture finally occurred* t2i9 break 
was in the wold and at right angloo to botJi the line of the weld and 
tho initial cracks* Since the two breaks were so exactly similar* 
it seoms quite possible that a point of stress concentration existed 
between positions and This possibility should bo investigated 
in any further tests of this nature* Further evidence of this high 
stress area was given by the extremely high strains measured at po- 
sition #6* The tangential gage in the crotch failed fairly early* 
hut up to the tiraa of failure indicated strains even higher than those 
at position ,^* 

Rooettos 1, 2, and 4 oil wore located some distance frean the 
weld* (Fig. 7) The tost results frati both spocimons as plotted in 
Figs. 10 and 12 show that the tangential strains did not becoao large 
until high loadings wore applied. -Then these strains did begin to 
increase, the magnitudes' of the strains and the rates of increase at 
these three locations remained quite close to each other* The axial 
strains show no such uniformity but all remained relatively small as 
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compared vith the tan^ntlel etr&lna* A oomperison of strains at these 
throe locations with the theoretical strains in a straight pipe fol- 
lotvsi p = 1*000. pai* 
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Previous testing and experience had indicated an appreciable bend- 
ing effect in ^ie type of joint as evidenced by an opening of the orig- 
inal ninety-degree angle. For both speolioens tested in thia investigation 
no measurable amount of bending was found until the rupture point was 
reached. This would seem to indicate* at least for ik/t ratios olo^ to 
those* that the bending effects are much less important than had been 
believed and that fear a properly welded joint there is sufficient inher- 
ent stiffness to eliminate the necessity for stiffening webs. 

In maldLiig tliese tests it was desirable to get strain readings insofar 
as possible right up to the point of rupture. It was not Icnown to what 
extent the strain gage readings would prove reliable once the yield point 
of the steel was passed. As a result of these tests it appears that the 
gage readings gave reliable qualitative results throughout the range of 
readings. Since the physical properties of the strain gages themselves 
are not loaown* it is impossible to state definitely at what total strain 
the gage accuracy underwent a -change. Quantitatively, therefore* the 
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results are of an unknown dogroo of acourac/. It ia probable that 
the clone agreement of the curves for the two teat opeoinona at each 
location would not havo been obtained if th© gages had boccKao unro- 
liable at the high loadings. In order to check the gage action at 
the higher loads* intermediate readings were taken between the un- 
loaded condition and the high loads as previously explained in *?R0- 
CEDiJHS''. These points as plotted in 7igs. l6, IV, 22 , 23, 25* 27, 

2d, and 3^ & straight line parallel to that obtained within tha 

elastic region and the gages were therefore assuroed to bo giving 
useful readings. At soms locations gages were broken under high 
loadings. This fact was imediately apparent due to the Inability to 
obtain a balance in the bridge circuit. 

?rofa the strain readings tal^en, stresses at the various locations 
were ccraputod witliin the elastic region and recorded in Tables I-XVIII. 
Since the strain gages con measure only two-dimensional strains, 
stresses were computed using two-dlmenaionQl theory. 'Ihe third-dimen- 
sional strains while known to b© present could not bo accounted for In 
these tests. V<hen yielding first oooiin^d anywhere in the specimen, 
the res'ultant permanent deformation imposed residual stresses through- 
out the specimen when the load was removed. This was shown by an 
apparent permanent set indicated by all gages at approximately the 
same loading oven though local load stresses had not risen sufficiently 
to reach the yield stress of tho mstal. This is the reason why all 
the load-strain curves deviate from a linear relation at about the same 
loading. Above the alastio limit the strains measured cannot be 
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transfonned to other axes sizioe the usual tronsformation equations are 
Invalid outside the elastic rai^e* Considerable work is now being 
done toward developing stress and strain relations for use in the plas- 
tic region 2)« but no attempt was made to apply, any of those 

theories here. 

The curves plotted from the results of the tests on the two spec- 
imsns agree quite closely with three exceptions. The tangential strain 
curves at position diverge* and the axial strain curves for poaitions 
7 and 3 also diverge. Ihe reason for this divergence is not known but 
may be duo to the change in thiclmess ratio* Further tests on specimens 
of various xVt ratios would indicate whether tlie divergence is a trend 
established by the change in wall thickness* 

For the wall thicknesses used in these tests it is believed that 
gravity effects were of very minor importance. In any further tests 
using thin-walled specimens of similar dimensions it would be better 
to provide supports which distribute the load unlfoimly along the length 
of the speoiioen rather than supporting it at foitr points as was done 
here. 

Considering the fact that first yielding occurred at approximately 
54^ maximum load in the first test and at about of maximum load 
in t^ second test* use of the theory of limit design in actual oonstrue- 
tiaa is indicated. At the same time the largo difference in yield loads 
observed eoeaparod with the theoretical yield load for a straight pipe 



should bo considered. 



12 



Specimen J. fyieu^str.f>>pe^32 88 ps€. 

^ieid -QCtUQf -IS 00. pjr. 

Specimen J-L . fyieicj ~ s vf. p/pe —• 2. S 3. 

^yieiJ-CfCTU a} =zl2 00.psc. 



This shoT7S Cl reduction in strength of 45'^ the first speoin3on, 
and for the second* 

A laeaoureiaent of the intersection cross section shape was made 
after rupture in the tests described in Ref. 1. The original ellipt- 
ical cross section was found to have been deformed into on egg shape 
with the greatest outward deviation located approximately midway be- 
tween the crotch and the 90 degree point of the intersection. This 
contour is typical of deformations suffered by such intersections and 
was observed in the present tests. 

Figs. 32 to 49 wore plotted to show the measured strain distrib- 
ution both along the cylinder axis and along the elliptical inter- 
section. licaniinatlon of these figures (for instance Fig. 39 and Fig. 40 ) 
shows that axial strains are higliest at ixisition IIS tangential 
strains are highest in the crotch. All strains are relatively low at 
the outside of the elbow for all loadings. There ore relatively high 
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td^gontial and axial strains in the region between positions 6 
and 9 30 that the principal strains will be highest in that region* 
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CONCLUSIONS 

1» The results of this investigation indicate that the highest 
stress concentration in a right angle cylindrical intorsaction under 
Internal pressure occurs at on angle of about 14*5 degrees fron the 
crotch conterlino noosured in the plane of the ellipse. 

2. The critical stress causing i*upture is the tangential stress 
in the plane of the ellipse. 

3 . For the R/t ratios tested, the strength reduction as oosa- 
pared with a straight closed cylinder is approximately 

4* It appears probable that bending effects for these thick 
walled cylinders are of relatively minor importance. 



// 
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REv':o:.l»vOIDATIC^J3 

!• An enalynls of the tangential stresses In the plone of the 
elliptical intersection should be made* 

2. A study should bo made of the variation of those tangential 
stresses through the wall thichness* 

3* AnEilytical studies of bending effects and shearing stresses 
should be xoade. 

4 * In any further experixaental workt the critical area as de- 
termined in this investigation should be thoroughly examined by strain 
gages or other means. 

5* Further experimental work should check on the differing axial 
strains ob3ei*ved in the two opociiaons on tJie outside of the elbow. 
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B£n3aonou of smin iujex 




The test gage mounted on the specimen and a doHcy gage mounted 
on identical, unstrained material are included in a lAieatstone Bridge 

circuit. The opposite sides of 
the circuit are two precision 
resistencee of magnitude 

Under load the potentio- 
meter is varied so that no cur^ 
rent flows between points A. 
and B. We wish to determine 
the relation between the voltage ?, across AB and the unit strain, 
in the test specimen. 

From the circuit diagram, we determine that 

13^(20 a B Ig ( 2 R = B T = - ZgH 

Hence 

2 2RMR 4 R L 3R J 

To eliminate the ratio ^B/E, the following relation for resistivity 
of a conductor is ^tployed. 

E« K ^ 

where X is a resistivity constant, L the length of the conductor, and 
A its cross-sectional area. Then 

in E « E + /h L - /'T A 



-1 



& 

4 B 



E L A 



Hence 
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For a cylindrical conductor 



AA= 2 -2lJe 



r i 3 the radius 
of the cross section 



Therefore 

(1 + 2^J)£ 

is the Poisson’s ratio for the strain gag® material* 

Substituting directly into the equation for the voltage reading V, 



Hence 



V = I (1 + 2A')f 

• = 

(1 + 2A^)3 



This equsition is usually eniployed in the form 



4 (nilll volts) 

(gage factor) (battery reading) 



ndiere £ is obtained in Inches inch tiibes 10 
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T/ithln the elaotic region ttie average of zoro readings talcen before 
and after loading was used in getting the gage readings. Application of 
gage factor and battery reading gave apparent strains in the case of the 
roeettee, so these readings were further corrected as follcwsi 




b = -200 where b is a factor furnished by the manufacturer for 
each gage lot* 

Having the strains at a given point, the axial and tangential 
stresses were computed from the usual twa-diiaonsioaal eq.uotionst 

< 2 - * 

These stresses could bo ooniputed only up to the load where yielding 
first occurred at any point in the specimen* 

To compute principal stresses the following ec^uations were usedi 

.here f = i ~ ^ ^^2 \ 

ThTFe / 



tan 29 = 
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liavlng the principal stresses, principal strains could then be 
computed* 



Principal stresses and strains were computed only within the 
elastic region* 

For test number one it was necessary to transform the measured 
strains at positions 5 7 to get the tangential strains due to the 

orientation of those two gages* (Fig* 8)* Tliis was done by using 
hlohr'o circle. The transformation was performed only within the elas- 
tic region. 
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Pressures and stresses in Ib./aq.ln. Strains givm in inches per inch x 10^ 
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Test I Position ^3 Gages 7.8,9 
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Test I Position ^4 Gages 10,11,12 
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Test I position //6 Qages 16.17.18 
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Test I Position iff Qjsges 19#20,^>‘ 
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Itest I Position ^8 Gages 22&23 
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Test I Position #9 Qagea 1-24 
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Test II Position #2 Gages 4*5,6 
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Test II Position ^3 Gages 7.«,9 
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Fig. 1 First specimen end test setup. 
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Fig. 2 Closeup view of first specimen showing rapture. 



fl-J 




Pig. 3 Second specimen and test setup 







Fig. 4 Closeup view of second specimen showing rupture. 
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